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We report a combined study for the electronic structures of ferromagnetic CeAgSb2 using soft
X-ray absorption (XAS), magnetic circular dichroism (XMCD), and angle-resolved photoemission
(ARPES) spectroscopies. The Ce M4,5 XAS spectra show very small satellite structures, reflecting a
strongly localized character of the Ce 4f electrons. The linear dichroism effects in the Ce M4,5 XAS
spectra demonstrate the ground state Ce 4f symmetry of Γ6, the spatial distribution of which is
directed along the c-axis. The XMCD results give support to the picture of local-moment magnetism
in CeAgSb2. Moreover it is also found that the theoretical band dispersions for LaAgSb2 provides
better description of the ARPES band structures than those for CeAgSb2. Nevertheless, ARPES
spectra at the Ce 3d-4f resonance show the momentum dependence for the intensity ratio between
Ce 4f15/2 and 4f
1
7/2 peaks in a part of the Brillouin zone, suggesting the non-negligible momentum
dependent hybridization effect between the Ce 4f and the conduction electrons. This is associated
with the moderate mass enhancement in CeAgSb2.
PACS numbers:
I. INTRODUCTION
In f -electron materials, strong interactions between f -
and conduction electrons lead to a rich variety of phe-
nomena1–3. Research on such systems has led to a point
of view that is summarized by the Doniach phase dia-
gram4 in which the ground state evolves from a mag-
netically ordered state with fully localized moments to a
paramagnetic heavy-fermion state as a function of tun-
ing parameters, such as pressure, magnetic field, and
chemical substitution. At the magnetic/nonmagnetic
crossover, the ordering temperature is suppressed to zero
and a quantum critical point (QCP) emerges. QCP
physics are of great scientific interest since various heavy
fermion systems appear to exhibit unconventional su-
perconductivity close to QCP5. A competition between
local-moment ordering mediated via the Ruderman-
Kittel-Kasuya-Yoshida (RKKY) interaction and the on-
site Kondo fluctuation of the f electrons is largely re-
sponsible for the physics of these materials. The RKKY
interaction induces long range magnetic order of the f
electrons while the Kondo effect forms magnetic singlet
states between the localized f and conduction states. In
addition, the crystal-electric-field (CEF) interactions in-
fluence the thermodynamic and transport properties6.
It is known that many Ce-based compounds have an
antiferromagnetic ground state. CeAgSb2 belongs to a
small group of Ce-based ferromagnets with the Curie
temperature TC ≈9.7 K at ambient pressure7. It crys-
tallizes in the tetragonal ZrCuSi2-type structure (space
group P4/nmm), where planer layers of Sb, Ag and Ce-
Sb are stacked along the c-axis as shown in Fig. 18,9.
Inelastic neutron scattering (INS) experiments and
magnetization measurements indicate that the 4f elec-
trons are almost completely localized with an ordered
magnetic moment of 0.4 µB/Ce aligned along the c-axis
close to that expected for the CEF doublet ground state
Γ6 of Ce
3+ ions7,8,10–12. The magnetic entropy reach-
ing ∼90% of Rln2 at TC, where R is the gas constant,
suggests that the Kondo interaction is weaker than the
RKKY interaction and the magnetic order develops out
of a doublet CEF ground state7,8,10. The localized 4f
picture is also consistent with the de Haas-van Alphen
(dHvA) experiments on CeAgSb2
10. Many ferromagnetic
Ce compounds are considered to be well in the localized
moment regime in which they do not possess enhanced
effective masses, which contrasts with the typical heavy
fermions.
Although the application of pressure toward a criti-
cal pressure Pc ≈3.3 GPa suppresses TC, no supercon-
ductivity is found above 90 mK12. To the best of our
knowledge, there are no ferromagnetic Ce systems that
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FIG. 1: (color online) Crystal structure of CeAgSb2.
show superconductivity. This contrasts with the super-
conductivity in ferromagnetic uranium compounds such
as UGe2, URhGe and UIr
5.
A moderately enhanced Sommerfeld coefficient γ = 46
mJ/mol·K2 corresponds to a mass enhancement of ≈21
compared to the nonmagnetic La analog10. The charac-
teristic behavior of resistivity in the paramagnetic phase
suggests the existence of the Kondo effect in CeAgSb2.
A relatively high Kondo temperature TK ∼23 K, which
is comparable to that for a typical heavy fermion com-
pound CeRu2Si2 (γ = 350 mJ/mol·K2) with highly de-
localized 4f electrons13, has been reported for the CEF
ground state doublet11. Previous angle-resolved photoe-
mission (ARPES) for CeAgSb2 indicates that the exper-
imental band structures and the topology of the Fermi
surfaces near the Γ point in the Brillouin zone (BZ)
are similar to those for LaAgSb2
14. However, the ex-
citation photon energy (hν) was fixed to be 21.2 eV,
and thus the band structures were probed in the limited
region of the BZ. Since the band structures predicted
by a fully relativistic linearized augmented-plane-wave
(FLAPW) method for CeAgSb2 and LaAgSb2
10 show the
three-dimensional character though the Fermi surfaces
are highly two-dimensional as reported by the dHvA ex-
periments, it is important to reveal the band dispersion
in the three-dimensional Brillouin Zone. Moreover, it
is well known that the conventional low energy ARPES
probes only the surface electronic structures which is of-
ten quite different from the bulk ones especially for the
strongly correlated 4f electron systems15–17. In contrast,
the soft X-ray ARPES is more sensitive to the bulk elec-
tronic structure with still reasonable momentum resolu-
tion18–20.
In this work we show a combined spectroscopic study
with soft X-ray absorption (XAS), magnetic circular
dichroism (XMCD), and ARPES for revealing the rela-
tion between the magnetism and the hybridization be-
tween the Ce 4f and the conduction electrons (c-f hy-
bridization) for CeAgSb2.
II. EXPERIMENT
High-quality CeAgSb2 single crystal samples were
grown by the Sb-self-flux method7. The spectroscopic
measurements XAS, XMCD and ARPES were per-
formed at the twin-helical undulator beamline BL23SU
of SPring-821. The single crystal samples were cleaved
under the base pressure of about 1.1×10−8 Pa to ex-
pose clean (001) surfaces. XAS and XMCD spectra were
obtained in total electron yield mode with an energy res-
olution of 80 meV, using a superconducting magnet with
fields up to ±10 T along the incident beam direction.
The XAS spectra without a magnetic field were mea-
sured in on-the-fly scanning mode, while the XAS and
XMCD spectra under magnetic fields were measured in
1 Hz helicity-switching mode21. In order to eliminate
any experimental artifacts arising from system errors,
each XMCD spectrum was measured for opposite ori-
entations of the applied magnetic field and the resulting
spectra were averaged. The incident photon energy was
calibrated to hν = 867.12 eV for the 1s-3p transition
peak of Ne gas. ARPES spectra were acquired using
a Gammadata-Scienta SES-2002 electron analyzer. The
energy resolution was set to 100 meV for Ce 3d-4f reso-
nant ARPES experiments, while about 240 meV for the
off-resonant ARPES. The momentum resolution was set
to ±0.1◦ (0.15◦) parallel (perpendicular) to the analyzer
slit. The sample temperature was set to 20 K for the
ARPES measurements.
III. RESULTS AND DISCUSSION
A. Soft X-ray Absorption Spectroscopy
Figure 2 shows the circularly polarized Ce M4,5 XAS
spectra of CeAgSb2 and CeRu2Si2 taken in the paramag-
netic phase at zero applied magnetic field. In Fig. 2(a),
the XAS spectra of CeAgSb2 measured at 15 K for pho-
ton incidence angles of θ = 0◦ and 54.7◦ relative to the
c-axis (surface normal) are shown. A clear difference in
the spectral line shape is observed. In particular, the two
prominent multiplet peaks at the Ce M5 edge, labeled A
and B, show that the peak A is larger for θ = 0◦ and the
peak B is larger for 54.7◦. The XAS lineshape at θ = 0◦
shows pronounced temperature dependence, resulting in
much reduced anisotropy at 250 K as shown Fig. 2(b).
The upper inset in Fig. 2 shows the intensity ratio of the
peaks A and B, I(A)/I(B), measured from the pre-edge
background for θ = 0◦ plotted as a function of temper-
ature (full circles) for the scale on the left axis. It has
been known that XAS spectra exhibit orientation depen-
dence on non-cubic materials, even for an unpolarized
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FIG. 2: (color online) Ce M4,5-edge circularly polarized XAS
spectra of CeAgSb2 for x-ray incidence angles of θ = 0
◦ and
54.7◦ with respect to the crystalline c-axis parallel to the sur-
face normal measured at 15 K (a) and 250 K (b) in the para-
magnetic phase without applied magnetic field. Top inset:
Temperature dependence of the peak A to peak B intensity
ratio for θ = 0◦ spectra (circles), together with the simula-
tion results (dotted line) based on the multiplet calculation
as discussed in the text. Bottom inset: Schematically drawn
experimental geometry. (c) Ce M4,5-edge circularly polarized
XAS spectra of CeRu2Si2 recorded at 20 K with the θ = 54.7
◦
geometry.
beam22, since the electric field vector ~E must be trans-
verse to the direction of light propagation. In the ab-
sence of a magnetic field, the angular dependence of the
dipole-allowed absorption for circular polarized light is
the same as that for unpolarized light22. The magic angle
condition of θ = 54.7◦ provides a polarization-averaged
isotropic XAS spectrum23 µiso = (2µ⊥c + µ‖c)/3, where
µ⊥c (µ‖c) is the XAS intensity with linear polarization ~E
perpendicular (parallel) to the tetragonal c-axis. This
is because the angular dependence of the XAS is ex-
pressed as µθ = µ0cos
2θ + µ90sin
2θ, where µ0 = µ⊥c
and µ90 = (µ⊥c + µ‖c)/2, so that the isotropic spectrum
is obtained from 3 cos 2θ = 123.
The shape of the XAS spectra at θ = 54.7◦ is charac-
teristic of a localized electronic configuration close to 4f1
(Ce3+), similar to those for polycrystalline γ-like Ce com-
pounds24. The very weak satellite structures observed at
the high energy tail above each edge indicate the pres-
ence of the finite c-f hybridization. The intensity of the
satellite relative to the main peak is a reliable qualitative
guide to the initial state 4f0 component 1−nf , where nf
is the Ce 4f electron occupation number25. The compar-
ison of the isotropic XAS spectra in Fig. 2(a) and 2(c)
illustrates that the c-f hybridization is much smaller for
CeAgSb2 than for CeRu2Si2.
The observed XAS anisotropy arises from the differ-
ence between µ⊥c and µ‖c (namely, linear dichcroism,
LD) and is attributable to the anisotropy of the initial
state 4f charge distribution induced by CEF effects26.
The tetragonal crystal field acting on a Ce3+ ion splits
the J = 5/2 ground state multiplet into three Kramers
doublets27 as,
Γ7
1 = α |±5/2〉+ β |∓3/2〉 , (1)
Γ7
2 = −β |±5/2〉+ α |∓3/2〉 , (2)
Γ6 = |±1/2〉 , (3)
with α2 + β2 = 1 (α, β > 0). It has been shown that the
analysis of the LD effects using the ligand field multiplet
(LFM) model gives a good quantitative description of the
CEF ground state26,28–30. In CeAgSb2, the CEF splitting
energies from the ground state to the first and second
excited states (∆1 and ∆2) have been determined to be
5.2 meV (≈60 K) and 12.5 meV (≈145 K) from the INS
measurements, in which the CEF ground state is |±1/2〉
and the first and second exited levels are dominated by
|±3/2〉 and |±5/2〉, respectively8. This CEF scheme is
consistent with thermodynamic experiments7,11.
Figures 3(a) and 3(b) show the results of multiplet cal-
culations for Ce3+ 3d104f1 → 3d94f2 electric-dipole al-
lowed transition using the XTLS 8.3 program31. The
calculational method follows that of Ref. 26, which takes
into account the intra-atomic 4f -4f and 3d-4f Coulomb
interactions, the atomic 3d and 4f spin-orbit couplings,
and local crystal field interactions. On the basis of the
well-established Hartree-Fock values for Ce3+32, the crys-
tal field parameters obtained from the INS measure-
ments8 are the fundamentally relevant quantities. In
Fig. 3(a), the calculated µiso and µ⊥c spectra at 0 K are
displayed. For comparison, µ⊥c spectra calculated for the
|±3/2〉 and |±5/2〉 ground states with ∆1 = ∆2 = 150 K
are shown in Fig. 3(c). These results immediately give a
direct verification that the wave function of the ground
state is |±1/2〉 of the Γ6 symmetry, because the µ⊥c spec-
trum of a Γ7 ground state is given by a linear combination
of those for the |±3/2〉 and |±5/2〉 states with I(B) larger
than I(A). In addition, as shown in the inset of Fig. 2
and Fig. 3(b), the qualitative behavior of the experimen-
tally observed temperature dependence is accounted for
by the calculations, the initial state of which is weighted
with the Boltzman distribution. The decrease in the ob-
served anisotropy with increasing temperature is caused
by the progressive thermal population of the excited CEF
states, thereby reducing the anisotropy of the 4f wave
functions as shown insets in Fig. 3.
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FIG. 3: (color online) Ligand field multiplet calculations for
the Ce3+ M4,5 XAS µiso and µ⊥c spectra at 0 K (a) and 250 K
(b) using a tetragonal CEF scheme of CeAgSb2, as depicted
by the upper inset, determined by neutron scattering exper-
iments. (c) The µ⊥c spectra calculated for the |±3/2〉 and
|±5/2〉 ground states with a CEF splitting of 150 K (c). Also
shown are the corresponding initial-state 4f charge distribu-
tions.
Figure 4 presents the Ce M4,5 XAS (µ+ and µ−) and
XMCD (µ− − µ+) spectra of CeAgSb2 measured at 6 K
and 150 K in an external field of H = 10 T for θ = 0◦.
Here, µ+ and µ− refer to the XAS intensity recorded for
parallel and antiparallel alignment of photon helicity and
sample magnetization. The inset at lower left displays
the element-specific magnetization curves at 6 and 15
K recorded at the M4 edge (899.6 eV) while sweeping
the applied magnetic field, showing ferromagnetic and
paramagnetic responses, respectively. In contrast to the
µ⊥c curves in Fig. 2, the spectral XMCD shape remains
the same with increasing temperature. The multiplet
features of the XMCD line shape are characteristic of
γ-like Ce compounds33–35.
Figure 5 shows the calculated XAS and XMCD spectra
for 0 K with an infinitesimal exchange field and for 150 K
with an external magnetic field of 10 T, which are in good
agreement with our experimental spectra. The constant
XMCD shape is associated with a constant ratio of the
orbital to spin magnetic moment mL/mS of −4 for Ce3+
states that split off from a pure J = 5/2 state by CEF33.
Quantitative information on the total atomic magnetic
moment mtotal = mS + mL of a Ce site separated into
910 900 890 880 870 
photon energy (eV) 
0 
 6 K (x5) 
 150 K (x60) 
CeAgSb2 
6 K 
150 K 
PP+ 
P 
P+ 
10 T 
to
ta
l e
le
ct
ro
n 
yi
el
d 
(a
rb
. u
ni
ts
) 
0 
H (T) 10 0 
X
M
C
D
  
6 K 
15 K 
M4 
M5 M4 
E 
H 
FIG.3 
FIG. 4: (color online) Ce M4,5 XAS and XMCD spectra of
CeAgSb2 for parallel (µ+) and antiparallel (µ−) alignment
of photon helicity and sample magnetization directions for
θ = 0◦ at 6 and 150K. The lower inset shows the XMCD
magnetization curves for 6 and 15 K at the M4 edge.
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FIG. 5: (color online) Ligand field multiplet calculations for
the Ce M4,5 XAS and XMCD spectra of CeAgSb2 together
with the initial-state 4f charge distribution at 150 K.
5mS = −2 〈Sz〉µB and mL = −〈Lz〉µB can be obtained
by applying the corrected XMCD sum rules36–38,
〈Lz〉 = 2q(14− nf )
rPc
, (4)
〈Lz〉
〈Sz〉 =
4C
5pq − 3
(
1 + 3
〈Tz〉
〈Sz〉
)
, (5)
where p (q) is the integral of the XMCD signal over
the M5 edge (M4,5 edges), r is the integral of the
polarization-summed XAS intensity, µ+ + µ−, over the
M4,5 edges
39, Pc is the circular polarization rate of the
incident X-rays and C (=1.60 for a Ce3+ ion38) is the
correction factor for the mixing of the multiplet struc-
ture between the 3d5/2 and 3d3/2 levels caused by 3d-4f
electrostatic interactions. 〈Tz〉 is the expectation value of
the magnetic dipole operator. Assuming Pc = 0.97
21,40,
nf = 1 and an atomic 〈Tz〉 / 〈Sz〉 ratio of 8/538, we
obtained mtotal = 0.35 ± 0.02 µB/Ce and mL/mS =
−4.05 ± 0.05 from the XAS and XMCD spectra at 6 K.
The cutoff energy of p was set to the minimum of the
polarization-summed XAS spectrum between the M5 and
M4 edges and that of q to 940 eV. This mtotal value is
close to the saturation moment of ∼ 0.4µB/Ce at 1.5
K determined from bulk magnetometry7,8,10–12. This
provides additional evidence that the localized 4f elec-
trons in the CEF dominate the magnetic properties of
CeAgSb2.
The mtotal at 150K is estimated to be approximately
0.03µB/Ce, while the theoretical XMCD signal arises
from mtotal = 0.067µB/Ce. This theoretical value is
close to those expected from the magnetic susceptibil-
ity data7,8,10,11. The smaller value of the experimental
mtotal is attributable to some possible effects: the mag-
netic contribution of the non-4f electrons as predicted by
theory10 and the surface effects including so-called satu-
ration effects in the total electron yield measurement41.
Additional insight concerning the magnetism in CeAgSb2
would be provided through the further use of element-
and orbital-specific XMCD.
B. Soft X-ray Angle-Resolved Photoemission
Spectroscopy
The 4f electronic structure of CeAgSb2 can be directly
observed using a Ce 3d-4f resonant photoemission tech-
nique15–17 through the drastic enhancement of the Ce 4f
weights as shown in Fig. 6(a). In the single impurity
model picture42, the three-peaked structure at resonance
is associated with 4f15/2, 4f
1
7/2 and 4f
0 final states. The
spectral weight of the 4f17/2 peak around 0.2 eV is almost
the same as that of the 4f15/2 peak in the vicinity of the
Fermi level (EF), which is typical of γ-like low TK Ce
compounds43. This is consistent with the small satellite
structures observed in Fig. 2, again indicative of the weak
c-f hybridization effects, which allow the moderate mass
enhancement below the magnetic ordering temperature
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FIG. 6: (color online) (a) Angle-integrated valence band
photoemission spectra for CeAgSb2 measured at hν = 877
eV(dashed line) and 881.5 eV (solid line) with off- and on-
resonance conditions, respectively. (b) Brillouin zone for
CeAgSb2. (c) EDCs obtained along the Z-A cut, and (d) those
for R-R lines. The thin doted lines are guide to the eye indi-
cating the EF. (e) Selected EDCs recorded at the high sym-
metry points by the Ce 3d-4f resonant ARPES. (f) The inten-
sity plot of ARPES spectra along the Z-A lines at hν = 755
eV in an off-resonant condition. The dashed curve indicates
the hole-like band centered around the Z point. The FLAPW
band structures along the Z-A cut10 (dots) for CeAgSb2(left)
and LaAgSb2 (right) are superimposed on (f).
6in CeAgSb2. We have further studied the Ce 3d-4f res-
onant ARPES to reveal momentum dependent effects in
the Ce 4f states. Note that at the on-resonant condi-
tion with hν = 881.5 eV (at the peak A in Fig. 2) one
can probe the electronic structures in the Z-A-R plane of
the three dimensional BZ shown in Fig. 6(b)44. In the
energy distribution curves (EDCs) along the Z-A and R-
R lines in Fig. 6(c) and (d), one can directly find the
non-dispersive structures for both 4f17/2 and 4f
1
5/2 com-
ponents, showing the localized nature of the Ce 4f states.
The relative intensity of the two peaks, however, grad-
ually changes upon sweeping from the Z to A points as
shown in Fig. 6(c), yet it is not the case along the R-R
cuts in Fig. 6(d). These features are highlighted by the
comparison of the selected EDCs recorded at the Z, A
and R points in Fig. 6(e), where the spectra are normal-
ized by the intensity of the 4f0 satellite. The intensity
ratio of the 4f15/2 to 4f
1
7/2 peaks is plotted in the inset
of Fig. 6(e). Although the intensity modulation observed
in CeAgSb2 is much smaller than that observed in more
strongly hybridized heavy fermion systems45–47, it can
be related to the Kondo lattice effect, providing detailed
information about the weak c-f hybridization effects.
Figure 6(f) shows the conduction band structure ob-
tained along the Z-A line at hν = 755 eV with an off-
resonant condition. In contrast to the no appreciable dis-
persive features in Ce 4f resonant ARPES, the dispersive
bands due to the non-4f electrons are clearly observed.
We have compared the results with published FLAPW
band structures for CeAgSb2 and LaAgSb2
10: the latter
corresponds to the reference of the localized limit for the
4f electrons. The superimposed FLAPW calculations for
both CeAgSb2 and LaAgSb2 well capture the general fea-
tures of the experimental band dispersions. However, the
hole-like dispersion centered around the Z points ranging
from 0.5 eV to EF in the ARPES is better reproduced
by the FLAPW bands for LaAgSb2 supporting the lo-
calized picture of the Ce 4f electrons. In addition, the
overall band structures for LaAgSb2 probed by soft X-
ray ARPES measurements are quite similar to those for
CeAgSb2 (not shown)
48.
We should note that the spatial distribution of the
ground state Ce 4f wave function with |±1/2〉 symmetry
points along the c-axis as shown in Fig. 3 and each Ce
atom has no neighboring atoms along the c-axis as shown
in Fig. 1. The essentially localized nature of the 4f elec-
trons in CeAgSb2 can be understood as a natural con-
sequence of the local atomic environment. On the other
hand, this anisotropic spatial distribution is attributable
to the small but observable momentum dependent c-f
hybridization effects.
Finally it should be pointed out that the momentum
dependence of the 4f features shown in Figs. 6(c)-(d)
cannot be accommodated by a simplified periodic Ander-
son model45,46, since the conduction bands have a bottom
at the A point and crosses the Ce 4f states around the Z
point as shown Fig. 6(f). This suggests that in extracting
detailed information from the experiment the momentum
dependence of the c-f hybridization strength should be
taken into account in realistic effective models with the
Ce 4f ground state of Γ6 symmetry.
IV. CONCLUSION
We have performed a combined soft X-ray spec-
troscopy for CeAgSb2. The results indicate that
CeAgSb2 can be classified as a nearly local-moment sys-
tem in which the Kondo screening is week and the RKKY
interaction dominates to form a ferromagnetic ground
state. Except for the small satellite structure, our exper-
imental XAS and XMCD data are well reproduced by the
calculations in the framework of the LFM model, demon-
strating the CEF scheme with a Γ6 = |±1/2〉 ground
state without ambiguity. The localized 4f picture is cor-
roborated by the non-dispersive Ce 4f states probed by
the Ce 3d-4f resonant ARPES and the significant simi-
larity in the dispersive band structures between the ex-
perimental results of CeAgSb2 and the FLAPW calcula-
tions for LaAgSb2. In addition, small c-f hybridization
effects coherently coupled with the lattice are observed
in the Ce 4f15/2 peak intensity of the resonant ARPES
spectra. This allows the moderate mass enhancement in
CeAgSb2.
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